The role of floating macrophytes on modulating the microbial nitrogen removal is not well understood. In this study, the cultivation of Eichhornia crassipes in eutrophic water may affect the nitrogen (N) fate by modulating the denitrifying bacteria diversity and abundance. The gaseous N losses via denitrification were estimated by 15 N stable isotope tracing and the diversity and abundance of denitrifying genes (nirS, nirK, and nosZ) were investigated by molecular tools. The denaturing gradient gel electrophoresis (DGGE) profiles showed that the diversity of denitrifying genes in the treatments with E. crassipes was significantly higher than that in the treatment without E. crassipes. 
Acce pt e d Prep rint 5 NH 4 + treatment) was separately added to the prepared eutrophic water to obtain the concentrations of crassipes (6 to 7 individuals). The E. crassipes roots were prepared to reduce the amount of N absorbed by E. crassipes by cutting off most stems and leaves, and leaving about 1-cm length of stems. Each treatment with cultivation of macrophyte roots received 0.29-0.30 kg of E. crassipes roots (6 to 7 individuals).
Preparation of macrophytes
E
Experimental design
The experimental design was multivariate with four between-subject variables (N-15 labeled nitrate, N-15 labeled ammonium, macrophyte and macrophyte roots with stems chopped off). The experiment consisted of six treatments with three replicates each treatment ( Table 1 ).
The experiment was conducted in cubic base PVC containers with closed Plexiglass chamber. Each
Plexiglass chamber had a headspace of 45 × 30 × 45 cm. The macrophyte or the macrophyte roots (supported and suspended by foam board) grew in the container filled with 60 L prepared eutrophic water. The shoots of E. crassipes extended to the Plexiglass headspace chamber, where gas samples were taken through a sampling port equipped with a rubber septum. The Plexiglass headspace chamber and the cubic base container were connected through a groove (2 cm in width, 4 cm in depth) filled with tap water to ensure gas tightness. To minimize the disturbance of gaseous N from air, the Plexiglass headspace was initially flushed with a mixture of 79% He + 21% O 2 for 20 min through the inlet and outlet at the top of the chamber to replace the air trapped in the headspace before the experiment. Finally, the inlet and outlet were closed. During the experiment, a mixture of 95% O 2 + 5% CO 2 was blown into each closed chamber for 5 min through the inlet every day to maintain the photosynthesis and respiration.
E. crassipes was harvested after 20 days. For molecular DNA extraction, 10-15 g fresh roots were collected randomly from E. crassipes plants grown in each container. The N concentration and at.% 15 N in shoots and roots of E. crassipes were analyzed after drying in an oven at 60°C for 24 h and grinding to pass a 245-mesh sieve.
Three-liter water samples were collected from each treatment when the macrophytes were harvested.
One liter water sample was filtered through a 0.45-µm membrane filter chemically preserved with 1 mL of HgCl 2 solution (200 mg/L), and the filtrate was stored an -4 °C before analysis. Two-liter water samples were filtered through a 5-µm sterile filter to remove the impurities, and the resultant filtrates were filtered through 0.22-μm Millipore membrane filters using a vacuum air pump; the membranes were stored at -80°C for DNA extraction.
Root detritus in water was collected by passing all 60 L of water through a 145-mesh nylon net, and N concentration and at % 15 N abundance were analyzed in roots [36] . The most algae developed in the water without cultivation of macrophytes were attached to the wall of the cubic base containers. These algae were collected by scraping with a stainless steel blade, whereas algae in water were collected by passing all 60 L of water through 25-mesh nylon net. [38] .
Chemical analysis

DNA extraction
Fresh roots of E. crassipes (2 g) were transferred into 200 mL of sterile water. Bacteria attached to E. crassipes roots were detached by vigorous shaking for 30 min (18.3 Hz, Thermomixer Eppendorf) and filtered through a 5-µm sterile filter to remove the impurities. The resultant filtrates were filtered through 0.22-μm Millipore membrane filters using a vacuum air pump, and the membranes were stored at -80°C for DNA extraction [39, 40] .
Water and root sample membranes were cut into pieces with sterile scissors and used immediately for DNA extraction. DNA extraction was performed using an E.Z.N.A.® Water DNA Kit (OMEGA Bio-Tek, Doraville, GA, USA) by following the manufacturer's instructions. The extracted DNA was stored in a -20°C freezer and was further analyzed for the diversity and abundance of nirS, nirK and nosZ genes.
PCR amplification and DGGE analysis
For the DGGE analysis, the PCR was performed in reaction mixtures including 1 μL of template DNA, 5 μL of 10 × PCR buffer, 1 μL of dNTPs (10 mM each), 1 μL of each primer (20 μM) ( Table 2) , 2 U of Taq polymerase (Takara Bio, Dalian, China) and adjusted to a final volume of 50 μL with sterile deionized water. The touchdown PCR amplification of nirS (Cd3Af/R3cd-GC) and nosZ (nosZ-F/nosZ1622R-GC) was performed as follows: initial denaturation at 94°C for 2 min, followed by 10 cycles, which involved a denaturation step at 94°C for 30 s, annealing at 57°C for 30 s in the initial cycle and at decreasing temperatures by 0.5°C/cycle until a temperature of 52 °C was reached in the subsequent cycles. The extension step was per formed at 72°C for 1 min. After the touchdown program, 30 cycles at denaturation at 94°C for 30 s, annealing at 53°C for 30 s and elongation at 72°C for 1 min, and following by a final elongation step at 72 °C for 10 min were performed. The nirK gene (F1aCu/R3Cu-GC) PCR program was carried out with an initial denaturation at 94°C for 3 min, followed by 32 cycles consisting of denaturation step at 94°C for 30 s, annealing at 58°C for 30 s and elongation at 72°C for 45 s, followed by a final elongation step at 72 °C for 10 min, and end at 10 °C.
The amplified products were pooled and resolved on DGGE gels using a Dcode system (Bio-Rad, Hercules, USA). PCR products of nirS, nirK and nosZ were run on 6% (w/v) polyacrylamide (37 Acce pt e d Prep rint 8 The gels were run in 1× TAE (40 mM Tris-acetate and 1 mM EDTA) at 100 V and 60 °C. The gel was silver-stained using the protocol [46] . Polaroid pictures of the DGGE gels were scanned using an Epson Perfection V700 Photo scanner (Seiko Epson, Nagano, Japan), and stored as TIFF files and analyzed with Quantity One software (Version 4.5, Bio-Rad, USA). Digitized information from the DGGE banding profiles was used to calculate the diversity indices such as richness (S) was determined from the number of bands in each lane, and Shannon-Wiener index (H) was calculated from [47] :
where P i is the importance probability of the bands in a gel lane, calculated as:
where n i is the intensity of a band and N is the sum of intensities of all bands.
Quantitative real-time PCR
Real-time polymerase chain reaction (qPCR) was performed on ABI 7500 real-time System (Life Technologies, USA 
Statistical analyses
The data were analyzed with one-way analysis of variance (ANOVA) using SPSS 16.0 to check for quantitative differences between samples. P < 5% was considered to be statistically significant.
Correspondence analysis (CA) for community ordination was conducted using CANOCO 4. The highest N-15 recovery in whole E. crassipes (shoots + roots) occurred in the A-E treatment (77 ± 6%) and the lowest was in the N-ER treatment (35 ± 2%). In general, the N-15 recoveries in the whole E.
crassipes were higher than that in E. crassipes without stems and leaves, which was in agreement with the macrophyte biomass (data not shown).
Un-recovered N-15-labeled NH 4 + -N accounted for 22 ± 2% of the added 15 NH 4 + -N in water with cultivation of E. crassipes (A-E treatment), and 46 ± 7% in water with cultivation of just E. crassipes roots (A-ER treatment). The proportion of un-recovered N-15-labeled nitrate was found to be the highest (57 ± 5%) in water with cultivation of just E. crassipes roots (N-ER treatment) and the lowest (22 ± 2%) in water with E. crassipes (A-E treatment).
DGGE fingerprints of nirS, nirK, and nosZ genes
The community structures of nirK (Fig. 1a) , nirS ( The CA ordination diagrams showed that nirK (Fig. 1b) and nirS ( Table 4 ).
The CA ordination diagram of nosZ gene (Fig. 3b) showed that the index of roots (with the shoots attached, 1.8 ± 0.2, A-E root) was significantly lower (p < 0.05) than that of water with cultivation of either whole E. crassipes or just E. crassipes roots (A-E water, 2.1 ± 0.3, A-ER water, 2.03 ± 0.21), but significantly higher (p < 0.05) than that of water samples without E. crassipes (1.8 ± 0.1, A-W water).
Abundance of nirS, nirK and nosZ genes
To better analyze the correlation of the abundance of denitrifying bacteria and gaseous removal of N from water, the total copy numbers of nirK, nirS and nosZ genes in the treatment systems (from 60 L water column or the sum of 60 L water column and all the roots) were calculated ( Table 5 ). The lowest copy numbers of nirK, nirS and nosZ genes were found in the control group (no plants, A-W and N-W).
The highest abundance of nirK gene appeared in N-ER, being 42.1 and 21.5 times ( Table 5 ) higher than that in N-W and A-W, respectively. The highest copy number of nosZ gene was also found in N-ER, being 28.3 and 626 times ( Table 5 ) higher than that in N-W and A-W, respectively. In contrast, the highest quantity of nirS gene copies was found in A-ER. The decreasing trend of denitrifier abundance was N-ER and A-ER > N-R and A-R > N-W and A-W. However, the response of nirK, nirS and nosZ to different N forms ( 15 NO 3 -or 15 NH 4 + ) and plant cultivation (whole plant or just roots) differed slightly (Table 5 ). In addition, the numbers of gene copies were greater for nirK than nirS genes in all treatment systems. The nirK/nirS ratio was relatively similar, with the absolute abundance of denitrification genes ranging from 4.0 to 8.6, with the highest ratio being 11.9 in N-ER.
Correlations between nirS, nirK and nosZ genes and gaseous N removal
Bivariate analysis indicated that un-recovered N (gaseous N removal) significantly correlated with the nirK (r = 0.77, p < 0.01), nirS (r = 0.60, p < 0.01), and nosZ (r = 0.91, p < 0.001) copy numbers. Figure 4 shows a clear relationship between the denitrifier genes and gaseous N removal, which suggested that all three genes provided good markers of denitrification in the E. crassipes treatment systems.
5 The effect of E. crassipes on gaseous N production in eutrophic waters
Phytoremediation may be a low cost and effective option [51] to assimilate over loaded nitrogen from aquatic ecosystems, though it has complex effects on eutrophic waters and may not be universally The un-recovered N-15 labeled nitrogen was reasonably assumed due to denitrification processes [11, 33] . In all nitrate treatments, the losses of nitrogen were 82 and 122% higher in treatments with cultivation of E. crassipes roots (cutting off most stems and leaves) than in treatments with cultivation of whole E. crassipes and the treatments with no E. crassipes, respectively. This observation supported our hypothesis that retarded growth of macrophytes may leave more substrates available for denitrifier. In ammonia treatments, the losses of nitrogen in treatments with cultivation of E. crassipes roots were also The cutting off stems and leaves of E. crassipes in aquatic environment had similar response as that in terrestrial environment, and influenced the behavior of denitrifiers bacterial communities in the rhizosphere.
Another explanation for observed differences between treatments with and without stems and leaves of the macrophytes was of the competition of differential N resources between macrophyte and denitrifying bacteria [62, 63] . The decomposition of root detritus, which was produced in higher amount in the treatments with cutting off E. crassipes stems and leaves, may also contribute to the increase of nirK and nosZ abundance in the environment. It had been well documented that the decomposition of root detritus could supply carbon and energy source for denitrifying bacteria [64] , thus raise the heterotrophic activity, which indirectly favored denitrification by lowering oxygen concentrations [65] .
The modulation of E. crassipes on nirS, nirK, and nosZ diversity and abundance
The suspended root system of E. crassipes could be a good surface for microbial attachment [4, 21, 22] , in which denitrification occurred [23] . As the CA ordination diagram of water and root samples indicated that the nirK and nirS communities shared relatively similar structures. The higher nirK and nirS Shannon indices and richness were observed on the root samples than that on water samples.
Furthermore, the qPCR results revealed that the highest abundances of nirS and nirK genes were occurred in the treatments of N-ER and A-ER, respectively. These results suggested that cultivation of E.
crassipes roots enhanced denitrifiers diversity and abundance. One possible explanation was that E.
crassipes roots provided a surface substratum for enrichment of higher diversity of nirK-and nirS-bearing denitrifying bacteria. Nitrous oxide reductase, encoded by the nosZ gene to catalyze the reduction of N 2 O to N 2 [66] responded differently to the cultivation of the macrophytes. The CA ordination diagram of nosZ gene communities was not in consistent similarity with nirS and nirK genes, E. crassipes roots were not change the diversity of communities of nosZ-bearing denitrifying bacteria other than the increased abundance of the bacterial communities. The highest diversity and abundance of nosZ gene occurred in N-ER treatment. Considering N 2 O being a greenhouse gas, to minimize the N 2 O emission while to maximize N 2 production may be desirable. The presence of E. crassipes root, thereby, may be favorable for the production of N 2 , resulting in permanent removal of N from aquatic ecosystem.
The production of high ratio of N 2 /N 2 O seemed most commonly occurred under high anaerobic environment [67] . The well-developed E. crassipes leaves would reduce the level of diffusion of oxygen into the water column [68] by either block the space or photosynthesis of the surface water, by which, may also contribute to the reduction of oxygen concentration. It was reported that oxygen concentrations in microcosms covered by floating vegetation were found significantly lower than those in microcosms without macrophytes, and the highest denitrification rates were observed under a closed mat of floating macrophytes where oxygen concentrations were low [69] .
The abundances and diversity of nirK were higher than that of nirS in the water and roots samples, which were consistent with the reports in literature [30] [31] [32] . This indicated that nirK might be more sensitive than nirS gene in this experiment, and nirK bearing denitrifiers were better adapted to the E .crassipes mediated environment than the nirS bearing denitrifiers. Previous studies also found the similar phenomena in different environmental conditions [50, 70] . Together, this suggested that denitrifiers harboring nirK played a greater role in N-removal from the system compared with denitrifiers harboring nirS, though there was no functional difference between nirK and nirS genes, which encode nitrite reductase, have co-evolved to produce two independent pathways and no denitrifier was known to contain both pathways [71, 72] .
Correlations between nirS, nirK, and nosZ genes and gaseous N removal from water
Although it has been difficult to link the changes of denitrifying bacterial abundance and diversity to gaseous N removal, there are great concerns about whether modification in abundance and community composition or loss of diversity will adversely affect gaseous N removal [73] [74] [75] [76] . Numerous studies 
Conclusions
This study suggested that microbial denitrification, modulated by macrophytes, was an equally important mechanism for driving N removal from eutrophic water if subjected to phytoremediation technology with confined cultivation of the macrophytes E. crassipes. Cultivation of E. crassipes in eutrophic water could increase the diversity and abundance of denitrifier, resulting in more gaseous N losses by microbial denitrification. This study represented an important step in establishing the relationship between gaseous N losses and the distribution of denitrifier genotypes, with consequences for N biogeochemistry and for planning, or making decisions for phytoremediation. Nevertheless, both mRNA and proteins will be further studied because any regulations of transcription, translation or post-translational steps should be taken into account and better to explain the mechanisms of improved nitrogen removal in the eutrophic waters with the cultivation of the floating macrophytes. 
